Background A difficulty in computer-assisted interventions is acquiring the patient's anat-
| INTRODUCTION
During computer-assisted interventions (CAI), localization information from tracking systems is commonly combined with imaging to provide accurate guidance. In soft-tissue CAI, a major difficulty is the acquisition of the patient's anatomy during surgery. If the anatomy can be acquired in a fast and reliable way it can then be used for registration of preprocedural information such as images and/or models. 1 Having the preprocedural information added to the patient frame could then add valuable guidance to the surgeon, including visualization of internal features before and during incisions. 2 Furthermore, it also enables surgical tools, such as cauteries and needles, to be accurately guided to the desired targets. 3 Several standard modalities can be used for intraoperative patient localization, including ultrasound (US), intraoperative computed tomography (CT) and interventional magnetic resonance imaging (iMRI). [4] [5] [6] However, these modalities have several drawbacks when used in the intraoperative domain and may not be well-suited for real-time image acquisition due to low image quality, ionizing radiation exposure, incompatibility with traditional instrumentation and/or high costs. Another approach uses surface points collected from the patient with an electromagnetically or optically tracked pointer. These surface points can then be registered to surface features identified in preoperative images. One source of error of this approach is the tissue deformation that occurs when the pointer is moved along the tissue surface. 7 In addition, the pointer device must be sterilized in advance and may be awkward to introduce into surgical cavities during procedures.
Laser range scanners (LRS) overcome the pointer limitations in terms of sterility, possible deformations to tissues and surface registration error (SRE), 7 and have been used for image-guided procedures.
could obtain a lower SRE than a LRS while additionally being able to acquire surfaces inside surgical cavities (which may not be possible with a LRS). Furthermore, Lathrop et al 10 reported the use of the tracked ConoProbe as a promising surface acquisition device in the operating room and, in a recent paper, 11 the ConoProbe was used to digitize the interior of the resection cavity during eight brain tumour resection surgeries, and these surfaces were then compared against model prediction results of tumour locations.
The ability of the ConoProbe to scan surgical cavities motivated our interest in this device, as we would like to improve the dose estimation in intraoperative electron radiation therapy (IOERT) procedures. IOERT involves irradiation of a tumour volume or a postresected tumour bed with an electron beam during surgery. In previous work, 12 we have presented an initial study of CT imaging during the procedure, but the need for a CT scanner during surgery is a major drawback. For intraoperative radiotherapy, estimating the dose distribution is a challenging task, due to irregular treatment surfaces and biologic fluid accumulation. 13, 14 Intraoperative surface scanning could provide information on the tumour bed to be irradiated which could be used to update the dose estimation according to the actual patient's anatomy. In addition, the ConoProbe could also act as a pointing device during an image-guided scenario. 15 which offers advanced medical image processing and interaction capabilities, and the Plus Toolkit, 16 which facilitates hardware integration. We identified several goals to be addressed by our solution, which were not available in previous work on the application of the ConoProbe in image-guided therapy:
• Ability to modify the tracking system used to acquire the position of the ConoProbe by using the Plus Toolkit.
• Real-time visualization of the acquired points during the scanning process with color-coded positions to facilitate 3D visualization, allowing revisiting of surface areas with lower sampling densities.
• Possibility to store all the acquired data in order to modify the preprocessing parameters offline, evaluating the effect on the resulting dataset.
• Surface reconstruction from the complex set of unorganized points obtained from the scanning process resulting in a smooth mesh.
The proposed ConoSurf system is tested on several complex phantoms: a multi-step phantom to assess the system's depth measuring capability; cavities with and without fluids, in order to evaluate the system's ability to scan a more complex object and to assess the system's behaviour when working with fluids; and finally a breast phantom, to simulate a quick surface acquisition during an imageguided intervention. Full documentation and source code of our project can be found at http://hggm-lim.github.io/ConoSurf/.
| MATERIALS AND METHODS
There exist several challenges in creating a 3D scanning system using a conoscopic holography sensor. On the hardware side, we need to decide on a tracking system in order to enable acquisition of spatial surface measurements; provide a way of defining both spatial and temporal calibration between the sensor and the tracker; and synchronize the two data streams. On the software side, we need to design an intuitive user interface; allow for saving, filtering and post-processing of the recorded points; and implement a fast and robust method for surface reconstruction from the unorganized points. The remainder of this section will describe how these challenges were overcome:
the hardware parts which the system contains (section 'System components'), the integration of this hardware into a system for 3D scanning (section 'System integration') and the evaluation of the 3D scanning system (section 'System evaluation'). An overview of the system implementation is shown in Figure 1 . Figure 2 . The ConoProbe can acquire measurements with a frequency of up to 9 kHz and can be used with different lenses depending on the distance range and precision needed for the application. In this work we use a 250 mm lens with a measurement range from 155 to 335 mm. This lens was chosen in order to increase the distance of the ConoProbe from the patient, because the device cannot be sterilized.
Furthermore, it was also the lens used in previous studies involving the ConoProbe and CAI. 10, 17 The lens is assigned the coordinate frame L. The stated accuracy of the measurement of the ConoProbe lens is 80 μm, and the precision is 35 μm. The laser in the ConoProbe is a class II red diode laser with a wavelength of 655 nm and a maximum output power of 1 mW. The laser spot size, specified by the manufacturer, is 107 μm.
| Multi-camera optical tracking system
In order to enable acquisition of a spatial surface measurement, the ConoProbe itself has to be located by means of an additional localization sensor. We selected an optical tracking system called OptiTrack (NaturalPoint Inc., OR, USA) for this purpose. Unlike most optical tracking systems used in image-guided surgery (utilizing a fairly small number of cameras), OptiTrack is a multi-camera system. This results in improved practical use in complex clinical scenarios, where the required line-of-sight between the tracked objects and the cameras is easily obstructed. 18 A potential disadvantage of this type of tracking system is that it requires a camera calibration with respect to both extrinsic (physical position and orientation) and intrinsic parameters (focal length and lens distortion). Three synchronized cameras (OptiTrack FLEX:V100R2, NaturalPoint Inc.), with a resolution of 640 × 480 pixels (VGA) and maximum frame rate of 100 FPS were placed around the scenario. This multi-camera approach covers a large working volume, thus making it well suited for point acquisition in the operating room, where it is often necessary to capture points from multiple sides of an object. A rigid body, which is assigned the coordinate frame C, was fixed onto the sensor housing of the ConoProbe, parallel to one wall of the housing ( Figure 2 ). The transform T, from the tracker's reference coordinate frame to C, provides position and orientation information.
The rigid body is composed of four retro-reflective optical markers. The optical tracking system's extrinsic and intrinsic parameters were calibrated using a three-marker OptiWand (NaturalPoint Inc.) and the calibration algorithm part of the Tracking Tools software (NaturalPoint Inc.).
Based on the maximum frame rate of the optical tracking system, a measurement frequency of 100 Hz is chosen for the ConoProbe. In order to determine the time offset (τ) between the two data streams, a temporal calibration is necessary. This calibration procedure is similar to the one followed in US-guided surgery, 19 in which principal component analysis (PCA) is applied to the data streams and afterwards their first principal components are cross-correlated in order to obtain the time offset. In our case, PCA is applied only to the position data since the measurement data have one degree of freedom.
| Spatial calibration
In order to establish the spatial relationship between the tracked rigid body and the ConoProbe measurements, a spatial calibration is necessary. In this work, the calibration technique closely follows the technique used by Burgner et al. 17 By defining the laser beam direction as b d (which corresponds to one axis in the lens frame L), the measured distance as d i (with respect to the origin of L), and the translational offset with respect to the frame C as l. A measured point p i
can be expressed in the coordinate frame of the optical tracker as ).
| Plus Toolkit integration
In order to acquire the distance measurements from the ConoProbe, and the pose information from the OptiTrack system, a dedicated hardware interface was developed. Natural Point provides an application programming interface (API) in order to control the multi-camera optical tracking system. However, controlling the tracker hardware directly using the API is not suitable for clinical applications where robust error handling is critical for proper system error recovery.
Hence, we developed the BiiGOptitrack library* to interface with the *BiiGOptitrack library, http://github.com/HGGM-LIM/BiiGOptitrack The ConoProbeConnector module is developed to allow for interaction with the 3D scanning system and its acquired data ( Figure 3 ).
The module connects as a client to Plus via OpenIGTLink and allows for point acquisition with the 3D scanning system. The main features of the module are:
• Real-time 3D visualization: Points can be recorded and visualized in real time. By setting a principal direction and an interval, the points are coloured in order to make the acquired point-set easier to interpret.
• Live filtering and post-processing: By setting a threshold for the signal-to-noise ratio and an interval for the distance (data from the ConoProbe), points can be filtered during acquisition. Once data has been acquired it can also be post-processed with respect to the same parameters.
• First-person view: A reference 3D model of the ConoProbe, acquired using an Artec Eva surface scanner (Artec, CA, USA), can be loaded into the module enabling an intuitive first-person view during acquisition.
• Recording and simulating: The recorded point-set can be saved both in CSV and VTK format (the CSV-file includes also measurement and tracking information). Additionally, the entire Plus data stream can be recorded and replayed.
The point-set acquired using the ConoProbeConnector module consists of unorganized points. These points provide partial information of an unknown surface. In order to construct a compact representation of this surface, one more module called PointSetProcessing has been developed. The surface reconstruction algorithm in this module works as follows:
• initially, for each point in the point-set, the best fit plane is computed from the set of points within a specified radius of the point.
The normal of this plane is then used as an estimate of the normal of the surface that would go through the point. This estimate gives a normal vector at each point in the point-set;
• next, a technique proposed by Hoppe et al 21 is applied to build a nearest neighbour graph on the point-set. An initial orientation is assigned to the normal with the largest z coordinate, and this normal is forced to point in the +z direction. This initial normal direction is then propagated over a minimum spanning tree, computed over the graph;
• finally, a surface is produced from the points and their associated normal vectors using Poisson Reconstruction. 22 In addition, the module allows for common point-set processing tasks such as smoothing, outlier removal and filtering. The module builds on top of -and improves -existing VTK. ‡ 23,24
| SYSTEM EVALUATION
The evaluation of the 3D scanning system was conducted through a series of experimental tests, using the system components and interfaces previously described. Table 1 • Update rate: The update rate of the proposed system (the rate of point acquisition) was measured during all of the experiments. The measurements were acquired on the client side (i.e. in the 3D
Slicer module), where the modified event of the OpenIGTLink node was observed. Relevant statistics with respect to both time (ms) and frequency (Hz) were then calculated and summarized.
• Calibration parameters: To obtain the time offset (τ), a temporal calibration was performed as previously described: by cross-corre- by least squares fitting of the acquired data.
• TRE of point measurements: In order to decide the target registration error (TRE) of the tracked ConoProbe measurements, N s = 15
GT points (p ′ ) were acquired using the same optically tracked pointer as in the previous calibration step, and N c = 15 measurement points (p c ) using the tracked ConoProbe system. The average of the Euclidean distance error between these two sets of points was then calculated to obtain the TRE.
• Surface scanning ability: ConoSurf's ability to obtain accurate surfaces was assessed by scanning different objects and then registering the acquired, unorganized, point-sets to corresponding GT models. More specifically, four objects were scanned with the ConoSurf system: a multi-step phantom, a narrow and a wide cavity phantom (maximum width × length × depth: 5.8 × 1.8 × 1.9 cm and 7.6 × 7.7 × 2.7 cm, respectively), and a breast phantom (Model 073, CIRS Inc., VA, USA). Figure 4 shows each of the scanned objects. The scans of the multi-step phantom and the cavities were acquired as more time-consuming, high-resolution data;
while the breast phantom was a, so called, guidance scan. This guidance scan was defined as a quick, low-resolution scan meant to facilitate guidance during CAI. GT models of the objects were The ConoProbeConnector module which interfaces with the 3D scanning system (with a photo of the acquisition process superimposed) The four objects used in the scanning experiments. Shown are: A, the multi-step phantom; B, the narrow cavity phantom; C, the wide cavity phantom; and D, the breast phantom FIGURE 5 For the bloody fluid experiment, a container was placed on the table of a CT simulator, with three OptiTrack cameras mounted as in A, and the empty container was scanned with the ConoProbe. Second, a fluid (chicken liver washing) was added to the container B, and one more scan was performed. Next, a GT CT scan was acquired. Finally, a circular region of interest was computed in the CT and the ConoProbe data C, and the difference in fluid height between the GT and the ConoProbe measurements was calculated (Z-direction)
• Scanning of a liquid surface: An experiment was carried out in order to assess the system's capability of scanning a surface covered by physiological fluid ( Figure 5(A) ). First, the wide cavity phantom was scanned with the ConoSurf system. Next, a fluid (chicken liver washing) was added to the phantom ( Figure 5 
| RESULTS
The results of the system validation are summarized in four tables.
Below are the results corresponding to each evaluated parameter:
• Update rate: The mean, standard deviation (SD), and minimum/ maximum values of the measured update rate, of the ConoSurf system, is reported in Table 2 . The frequency of the point acquisition was computed as 50 Hz.
• • TRE of point measurements: The TRE calculated by comparing the points obtained from tracked pointer with the points from the ConoProbe is shown in Table 3 (mean, Cartesian RMSE, directional RMSEs, SD, maximum). The average TRE for a point measurement was computed as 1.46 mm.
• Surface scanning ability: Table 4 shows the calculated SRE (mean, RMSE, SD, maximum) from registering the unorganized point-sets acquired with the 3D scanning system to their corresponding GTmodels. Table 5 shows the SREs from registering the unorganized point-set ( Figure 6(A) ) acquired from the breast phantom, and its corresponding reconstructed surface, to a GT-model. For better visualization, the result from the surface-to-surface registration can be seen color coded in Figure 6 (B). The time taken to reconstruct the breast surface from the point-set was 1.50 s.
• Scanning of a liquid surface: As for the bloody fluid experiment; the GT measurements gave a fluid height of 8.1 mm, while the fluid height obtained through the use of the ConoProbe was 8.7 mm. These two values gave a difference between the GT measurements and the ConoProbe of 0.6 mm.
| DISCUSSION
In this work we have made available to the CAI community ConoSurf, an open-source software system for acquiring surface data using a tracked conoscopic holography device (available at http://hggm-lim.
github.io/ConoSurf/). The system has been validated on a liquid surface as well as on several complex shaped phantoms, which included sharp edges, corners, holes, etc. In addition, by performing a guidance scan on a breast phantom, it has been shown that the system can be used to acquire a smooth approximation of a surface which could be useful during image-guided scenarios.
The scanning system is integrated into the Plus Toolkit and is therefore extensible to not only using a multi-camera tracking system, but also many other types of tracking systems supported by Plus. All The fast guidance scan performed on a breast phantom (acquisition time just above 30 s), followed by a quick surface reconstruction of the acquired unorganized point-set (1.50 s) showed a mean SRE of 1.30 mm. The results in Table 5 show that the SRE for a guidance scan is larger when compared with the results of the high-resolution scans in A scanning experiment was also carried out on a bloody fluid obtaining a mean measurement difference of 0.6 mm when compared with the same object without fluid. This result leads us to conclude that the conoscopic holography is a good candidate for acquiring surfaces intraoperatively where regions of fluid can accumulate. This paper is the first one to present results of this device on fluids.
A limitation of the presented system is that the ConoProbe is a single-point measurement device. Compared with single-shot devices the system presented in this paper needs to be aimed at, and moved along, the desired surface in a point-wise manner. This need for translation of the acquisition point makes it more sensitive to patient movements and also increases the acquisition time. Our 3D scanning system currently acquires points with a frequency of 50 Hz, which is far from the maximum frequency of the ConoProbe itself (9 kHz); therefore, by increasing the system update rate, surfaces are bound to be acquired in less time. Finally, our high-resolution scanning experiments were acquired from three phantoms of complex shape (which included sharp corners, narrow hollows and fine protrusions). The complexity of the phantoms increased acquisition time, since the ConoProbe laser-spot had to cover a large working area, but were of interest because of the difficulty they presented to the scanning procedure. For smoother surfaces, like organs, we expect the acquisition time to be substantially less with decreased SRE as well.
Future work will focus on increasing update rate, improving spatial calibration approach and including these calibration methods in the 3D
Slicer module. We will also test these developments on preclinical and clinical data in order to improve dose estimation on IOERT procedures. Example of point-set acquired from the breast phantom and the corresponding surface reconstruction. A, The point-set acquired with the ConoSurf system. B, Registration result between the GT model and the reconstructed breast surface, in the form of the SRE, colour coded with unit in mm
